A method for estimating three parameters of a gamma raindrop size distribution (DSD) model and the rainfall rate from polarimetric radar at attenuating frequency was developed. The algorithm was developed based on the self-consistency principle but was expanded to consider the attenuation effect by describing the interrelation between polarimetric measurements along the range profile. The proposed method does not require any assumptions of relation among DSD parameters or simplifications of equations that describe the relation between the axis ratio and diameter of raindrops, which have been used in previous studies. Moreover, the proposed algorithm needs no external reference data such as two-dimensional video disdrometer measurements for attenuation corrections because it retrieves the co-polar and differential specific attenuation from the interrelation among the polarimetric measurements.
Introduction
Real-time surveys of rainfall fields and estimation of rainfall rates have constituted the primary objective of operational and research weather radars for a long time because of their relatively high spatial and temporal sampling and ability to cover a relatively large area (Wilson and Brandes 1979; Doviak and Zrnić 1993; Bringi and Chandrasekar 2001) . The estimation of the rainfall rate, R, using radar has traditionally been accomplished by relating the horizontal reflectivity factor (Z H ) to the rainfall rate through a so-called Z-R (hereafter R(Z H )) relation. This relation mostly assumes an a priori power law form of the two parameters determined by comparing radar reflectivity factor data with precipitation gauge observations on the ground. However, it can be shown that there is no universal relation connecting the two parameters because R depends on the raindrop size distribution (DSD), which requires multiple number of parameters to characterize (Doviak and Zrnić 1993) .
Significant progress has been achieved in rainfall measurement since dual-polarized radars were introduced. This kind of radar system provides both backscatter and differential propagation phase information, and therefore, it can reveal additional characteristics of the precipitation medium to constrain the uncertainty of rainfall estimation resulting from DSD variability (Cifelli et al. 2011) . The utilization of the differential reflectivity Z DR in combination with radar reflectivity Z H helps mitigate uncertainties related to DSD variability (e.g., Seliga and Bringi 1976; Bringi et al. 1982; Ulbrich and Atlas 1984; Gorgucci et al. 1994) , especially for radars operating at S-band. Adachi et al. (2013) showed that the R(Z H , Z DR ) algorithm at C-band with attenuation correction performed better than the R(Z H ) relation for convective storms that were early in their development, prior to the onset of strong attenuation. However, the R(Z H , Z DR ) relation is less efficient at both C-and X-band because Z DR can be strongly biased by differential attenuation, and the quality of its attenuation correction using differential phase is insufficient to ensure the required accuracy of the Z DR measurement to within 0.1-0.2 dB (e.g., Aydin et al. 1989; Illingworth and Blackman 2002; Illingworth 2004 ) if differential attenuation is significant, as in heavy rainfall (Ryzhkov et al. 2014) .
Methods based on specific differential phase, K DP , are less sensitive to DSD variations and are immune to attenuation and radar miscalibration (Sachidananda and Zrnić 1986) . Indeed, Sachidananda and Zrnić (1987) and Chandrasekar et al. (1990) have shown that R(K DP ) outperforms R(Z H ) and R(Z H , Z DR ) at high rainfall rates, although R(K DP ) is less reliable at lower rainfall rates because K DP becomes noisy and increasingly susceptible to DSD variability. A typical solution for S-band is a combination of an R(K DP ) for high rainfall rates and an R(Z H , Z DR ) relation for lower rainfall rates (e.g., Ryzhkov et al. 2005; Cifelli et al. 2011) . At C-and X-band, where attenuation is more significant than at S-band (Smyth and Illingworth 1998) , R(K DP ) is applied for a larger range of rain intensities and an R(Z H ) relation is usually used for lighter rain with polarimetrically corrected reflectivity (e.g., Park et al. 2005a; Figueras i Ventura et al. 2012; Vulpiani et al. 2012; Yamauchi et al. 2012 ). More recently, Ryzhkov et al. (2014) showed that the rainfall rate estimated from the specific attenuation A H is the least sensitive to DSD variations and has some advantages compared with rainfall rates estimated from Z H or Z DR and/or K DP .
Many studies have proposed methods to estimate DSD parameters as a part of rain attenuation correction and/or the rainfall rate estimation algorithms. The DSD parameters may provide information that is useful for exploring rain microphysics in clouds, which is one of the advantages of this type of method. A modified gamma distribution model suggested by Ulbrich (1983) has been used to characterize the natural DSD variation. The parameters that determine the modified gamma DSD are a shape parameter μ, median volume diameter D 0 or slope parameter Λ, and a number concentration N 0 or its normalized version N W . By assuming a linear relation between A H and K DP , Testud et al. (2000) estimated normalized number concentration N W from the radial profile of measured Z H and the total span of the differential phase for C-and X-band, whereas Bringi et al. (2006) estimated D 0 from attenuation-corrected Z DR for C-band. Recently, Thurai et al. (2012) and Kim et al. (2010) estimated N W from attenuation-corrected Z H and D 0 obtained from attenuation-corrected Z DR for C-and X-band, respectively.
The β method proposed by Gorgucci and Scarchilli (2001) and Gorgucci et al. (2002) retrieves both N W and D 0 from attenuation-corrected Z H , Z DR , and K DP by assuming a simplified linear axis-ratio relation with a coefficient of β (i.e., r = 1.03 ˗ βD, where r is the axis ratio, and D is the equivalent volume diameter). This method has been used in numerous studies (e.g., Gorgucci et al. 2002; Bringi et al. 2002; Park et al. 2005b; Gorgucci et al. 2008) . On the other hand, the constrained gamma method proposed by Brandes et al. (2003) retrieves N W and D 0 from attenuation-corrected Z H and Z DR with an empirical μ-Λ relation derived from 2-dimensional video disdrometer (2DVD) measurements. This method has also been extensively used in many studies (e.g., Brandes et al. 2004; Vivekanandan et al. 2004 ). In addition, Kalogiros et al. (2013) proposed another algorithm to estimate μ and N W from attenuation-corrected Z H , Z DR , and K DP , assuming a statistical μ-D 0 relation derived from 2DVD measurements for X-band. More recently, Yoshikawa et al. (2014) proposed a method to retrieve three parameters of the modified gamma DSD using an iterative maximum-likelihood estimation.
Most of the aforementioned methods require external reference data such as disdrometers and/ or approximations/simplifications of equations to derive relations that are essential for DSD parameter retrieval algorithms. Using the physical-based ad hoc or empirical relations derived from the reference data may cause errors because of the raindrop temperature, shape, and size distribution dependency when used in different conditions, including seasons, locations, and precipitation types. Moreover, the fact that the sampling volume of the reference data is quite different from that of radar makes it difficult to obtain reliable reference data. On the other hand, simplification of physical-based empirical relations such as the β method may not be representative of actual raindrop variability because the simplified relations may not capture the true functional form well enough to guarantee an unbiased estimation (e.g., Anagnostou et al. 2008) . Therefore, a DSD retrieval algorithm that does not require external reference DSD data or include any simplification of empirical relations is needed to estimate DSD parameters and the rainfall rate from polarimetric measurements with high reliability.
The DSD retrieval algorithm proposed in the present study is based on an autocalibration of Z H using polarization redundancy introduced by Goddard et al. (1994) , which is a variation of the calibration method by Gorgucci et al. (1992) . Goddard et al. (1994) showed that for rain, K DP /Z H is a unique function of Z DR , which is virtually independent of μ, and proposed that this self-consistency could be used to provide an automatic calibration of Z H to within 0.5 dB for S-band (Illingworth 2004) , where the path-integrated attenuation is negligible. This technique avoids deriving K DP by differentiating an observed noisy Ψ DP profile to induce an even noisier gradient (Illingworth 2003) ; it instead uses the two almost constant values of Φ DP , i.e., initial differential phase and Φ DP at sufficiently large distance, where the signal-to-noise ratio is roughly several dB (Bringi et al. 2006) . Following these pioneering studies, methods to calibrate S-band radar reflectivity using the autocalibration have been demonstrated by Illingworth and Blackman (2002) and Vivekanandan et al. (2003) .
For radars operating at higher frequency, Le Bouar et al. (2001) expressed concern over the attenuation of Z H and Z DR when applying the autocalibration for C-band. On the other hand, Illingworth (2004) suggested that the application of the autocalibration for C-band does not pose a problem if the maximum Φ DP is less than 10° and the attenuation is less than 0.5 dB, although he admitted that the technique fails at X-band. More recently, Gourley et al. (2009) showed that the autocalibration technique can calibrate C-band radar to within 0.6 dB when the maximum Φ DP is less than 12°. In addition, Thurai and Hanado (2005) showed that this technique is available for C-band even in heavy rain if reference DSD data measured by 2DVD are provided to estimate attenuation effects. Moreover, Bringi et al. (2006) retrieved D 0 from C-band radar measurements and 2DVD reference data by using the consistency among the polarimetric measurements on which the autocalibration technique is based. This result suggests that the autocalibration can be used to retrieve DSD parameters if reliable corrections for attenuation are applicable. Aydin et al. (1989) proposed an attenuation correction procedure for C-band radar measurements that does not rely on any external reference data, although this method is very sensitive to bias, including calibration errors in Z H and Z DR measurements. Thus, based on these pioneering studies, here, we propose a new algorithm to estimate the three DSD parameters and rainfall rate for polarimetric radar at the attenuation frequency using consistency among the polarimetric measurements. The proposed algorithm requires no external reference data such as 2DVD measurements for attenuation corrections because it retrieves co-polar and differential specific attenuation from the interrelation among the polarimetric measurements. This paper is organized as follows. In Section 2, we describe an outline of the methodology of our approach using the total phase shift in rain to estimate rain parameters by calibrating Z H . The instruments and the reliability obtained by comparing estimations with ground-based measurements of the proposed method are described in Section 3. We discuss the effects of raindrop temperature and shape parameters on the retrieval of the rainfall rate in Section 4, and finally summarize our conclusions in Section 5.
Description of the polarimetric method to
retrieve DSD based on the consistency theory
Autocalibration technique
This study develops an algorithm to retrieve the three DSD parameters from polarimetric measurements by expanding an autocalibration of Z (Z represents Z H in this paper to simplify notation) proposed by Goddard et al. (1994) . They showed that K DP /Z is a unique function of Z DR for rain, as shown in Fig. 1 , and proposed an automatic calibration technique of Z for S-band radar using this redundancy relation. The technique is as follows: for given values of μ and raindrop temperature, K DP can be inferred from the observed values of Z DR and Z at each gate along a ray from the consistency curve ( Fig. 1) , and the predicted K DP at each gate can be summed to obtain the theoretical Φ DP . The theoretical Φ DP can be compared with the smoothed-observed Ψ DP (i.e., the pseudo-observed Φ DP ), and the value of Z can be scaled until the computed value agrees with the observed value (Illingworth 2004) . Figure 1 shows that the consistency curve has low μ and temperature dependency for C-band, but it has slightly higher dependency for X-band. Illingworth and Blackman (2002) were the first to indicate that the consistency curve is virtually independent of the shape parameter for S-band. On the other hand, Gourley et al. (2009) assumed that the consistency curve is independent of both the shape parameter and temperature to calibrate C-band radar.
Since this autocalibration technique does not consider the attenuation effect, it is valid for S-band but limited for C-band to use with weak rain when the attenuation effect is negligibly small. Unfortunately, this technique is practically impossible for radars operating at X-band to use without attenuation corrections, as Gourley et al. (2009) indicated. In the case of heavy rainfall, attenuation corrections should be applied in advance for measured Z H and Z DR to yield theoretical K DP from the consistency curve for those radars. Thurai and Hanado (2005) and Bringi et al. (2006) used K DP derived from the measured Ψ DP to correct attenuation for Z H and Z DR . However, they needed 2DVD measurements to estimate a relation between K DP and attenuation. Following their studies, we expand the consistency relation, which governs the autocalibration, to include attenuation correction procedures that do not require any external reference DSD data, and develop an automatic DSD parameter retrieval technique for radars at attenuating frequency with heavy rainfall.
Expansion of consistency relation and attenuation correction
The attenuation correction algorithm used in the present study assumes that the raindrop temperature and operating frequency are given and that all polarimetric variables including attenuation are determined by the DSD, which is represented by the modified gamma distribution, as indicated by equations in Appendix A. Moreover, no ice hydrometeors (such as hail and/or graupel) are assumed to be included in the range profile. These issues are addressed in later sections. The theoretical variations of the functions of A H /Z H and A DP /Z H with Z DR at raindrop temperatures of 0°C and 20°C with shape parameters of 0 and 5 are shown in Figs. 2a and 2b, respectively. In the derivation of the new consistency curves, the minimum diameter (D min ) of 0.1 mm and the maximum diameter (D max ) of 8 mm are used based on the results of Cao et al. (2008) . The consistency curves are derived as follows.
Horizontal reflectivity Z H and vertical reflectivity Z V can be expressed in terms of the raindrop concen- Fig. 1 . Relation between two-way specific differential phase per unit linear horizontal reflectivity as a function of differential reflectivity at raindrop temperatures of 10°C and 20°C at C-band (5.370 GHz) and X-band (9.375 GHz) with shape parameters of 0 and 5 for a modified gamma distribution with the axis ratio of Brandes et al. (2005). tration N 0 by substituting Eq. (A6) for Eq. (A10) as
where 
The differential reflectivity Z DR is given from Eqs.
(A11) and (1) as follows:
Equation (3) clearly shows that Z DR is independent of N 0 . Similarly, the specific differential phase shift K DP can be expressed in terms of N 0 by substituting Eq. (A6) for Eq. (A12) as follows:
The term K DP /Z H is given from Eqs.
(1) and (4) by
which is also independent of N 0 . Equations (3) and (6) indicate that K DP /Z H can be expressed as a function of Z DR by using D 0 as an intermediate variable for a given value of μ, as shown in Fig. 1 . On the other hand, the specific attenuation of horizontal polarization A H can be expressed in terms of N 0 by substituting Eq. (A6) for Eq. (A13) as follows:
In addition, the differential specific attenuation A DP can also be expressed in terms of N 0 by substituting Eq. (A6) for Eq. (A14) as follows:
The terms of A H /Z H and A DP /Z H are given from Eqs.
(1), (7), and (9) by
and
Eqs. (3), (11), and (12) Figure 2 indicates that the consistency curve of A H /Z H has low temperature and shape-parameter dependencies, especially for C-band, as is the case for K DP /Z H . However, this figure also shows that the consistency curve of A DP /Z H has slightly larger dependencies on not only temperature but also shape parameter, especially for X-band. These small dependencies on both temperature and shape parameter could make large differences in the retrieval of the rainfall rate, particularly in heavy rainfall, because the attenuation effects are defined as path integrals of the co-polar and differential specific attenuation given by 
where Z r true H dBZ ( ) ( ) and Z r true DR dB ( ) ( ) represent true reflectivity and differential reflectivity after attenuation correction at a range of r, respectively; r 1 is the distance of the first range resolution volume; and C H and C DP are the correction terms for the reflectivity and differential reflectivity profiles, respectively.
We have opted for a simple gate-to-gate attenuation correction scheme based on Aydin et al. (1989) as opposed to the more complicated techniques used, for example, by Testud et al. (2000) or Yoshikawa et al. (2014) . In the proposed algorithm, the true reflectivity and differential reflectivity at range r n can be obtained by recurrence formulas derived from Eqs. (13) 
Note that the co-polar and differential specific attenuation are inferred from true Z H and Z DR with the consistency curves in Figs. 2a and 2b , respectively. The bias (C H ) in the observed Z H corrected with the proposed method is the sum of the radar constant calibration error and any excess attenuation from the radar to the first range resolution volume, including excess attenuation due to rain on the radome, as shown in Eqs. (15) and (17) and as assumed in Bringi et al. (2006) and Thurai and Hanado (2005) . Note that the value of C H could vary with the beam direction and time because it contains excess attenuation due to the wet radome of the antenna. Similarly, the term C DP is the sum of relative bias error in Z DR and excess differential attenuation. In the method used here, it is also assumed that the systematic bias in Z DR measurements is negligible (by calibrating with vertical measurements in rain) and that excess differential attenuation can be neglected assuming that both the H and V signal powers are affected almost equally by rain on the radome, which is supported by the results of Gorgucci et al. (2013) . Therefore, the value of C DP is set to zero, as assumed in Bringi et al. (2006) . The effects of the excess differential attenuation by the wet radome in high winds are discussed in Appendix C.
In the proposed method, Eqs. (15) and (16) are initially evaluated assuming C H to be zero. Once values of the true Z H and Z DR so derived at each gate are obtained, they are used to predict the value of K DP at that gate with the original consistency curves (Fig. 1) .
The theoretical Φ DP can be derived from K DP with Eq. (A15), and the values of measured Z are scaled by C H in Eq. (15) until the total phase change of the theoretical Φ DP along the path agrees with that of the smoothed-observed Ψ DP , as is done in the original autocalibration technique.
Since this method requires the total phase change of the smoothed-observed Ψ DP at sufficiently large distances, it may not be available under extreme attenuation conditions wherein the signal is completely lost. Moreover, the attenuation correction procedure proposed in this study is based on gate-by-gate recursive estimation through a relation employing the measured Z H and Z DR . This approach is very sensitive to any bias on Z H and Z DR (e.g., hail, graupel, ground clutter, and partial beam blockage) and errors in measurements and the DSD parameterization . Contamination from these biases may result in large errors in the retrievals of rain parameters with the proposed algorithm. However, contamination from these biases in a radial direction can be identified and discarded using this method, because it produces a large error in the theoretical Φ DP profile and the theoretical Φ DP abruptly diverges from the smoothed-observed Ψ DP . Indeed, we observed theoretical Φ DP deviated from the smoothed-observed Ψ DP by more than 100° within a few gates behind ground clutter in the observations with an antenna elevation angle of 0.5°. Fortunately, all the theoretical Φ DP profiles analyzed in this study fit the smoothed-observed Ψ DP made at an elevation angle of 1.0°, which suggests that the observations were made in pure rain conditions, and biases were negligibly small.
Retrieval of the DSD parameters
The DSD parameters are derived from the attenuation-corrected Z H and Z DR obtained with the proposed method. The shape parameter is estimated by comparing the theoretical Φ DP with the smoothed-observed Ψ DP through a rain path in the radial direction, as shown later in Section 3. Once the shape parameter is determined, the median volume diameter D 0 can be derived from the attenuation-corrected Z DR at each range gate, because Z DR is independent of N 0 and is a function of D 0 and μ as given by Eq. (3). Then, N 0 can be derived from the true Z H with the retrieved D 0 and μ from Eq. (1), and N W can be obtained from the true Z H , D 0 , and μ with the retrieved N 0 from Eqs. (A3), (A6), and (A9). Other rain parameters including the rainfall rate can be theoretically derived from the DSD parameters using equations in Appendix A.
MRI C-band polarimetric radar and retrieval of DSD parameters
The theoretical derivation in the previous section suggests that the proposed method is available for polarimetric radars operating at attenuating frequency to retrieve microphysical characteristics of rain, including DSD parameters, in even heavy rainfall because the method considers attenuation effects by expanding the consistency theory. In this section, we apply the proposed algorithm for actual C-band polarimetric radar data collected during different seasons to demonstrate the high reliability of this method by comparing the retrieved data including DSD parameters with measurements on the ground.
MRI C-band polarimetric radar
The Meteorological Research Institute (MRI) advanced C-band solid-state polarimetric radar (MACS-POL radar) is mounted on top of the MRI building in Tsukuba, Japan (Adachi et al. 2013 ). The radar routinely collects a full suite of dual-polarization measurements, including the reflectivity factor (Z H ), differential reflectivity (Z DR ), differential propagation phase (Ψ DP ), and correlation coefficient at zero lag (ρ HV (0)). This system employs two solid-state amplifier units to transmit horizontally and vertically polarized waves. The radar is operating in the simultaneous transmission and reception (STAR) mode for polarized signals, i.e., the system simultaneously transmits horizontal and vertical polarization states and obtains samples of both horizontal and vertical co-polar returns. Since the peak power of the amplifiers was slightly weak, observations were made with a long pulse to increase the mean power. A pulse compression technique with a linear FM chirp was used to increase the range resolution. The range side lobe associated with this technique was suppressed to less than −48 dB (Yamauchi et al. 2012) . Because radar cannot observe in the vicinity of the antenna with long-pulse observations, this radar alternately transmitted short and long pulses to cover the blind region associated with the long-pulse observations. The operating frequencies deployed for the two pulses were separated to avoid mutual contamination. The configuration and operating parameters of the radar are summarized in Table 1 .
The rotation speed sequence of the antenna shown in Table 1 enables a temporal resolution of volumetric scans of 4 min with 15 elevation observations including the vertical with this system. Vertical measurement in rain was used to calibrate the Z DR measurements to make the uncertainty in the individual range gate Z DR values less than 0.1 dB, as proposed by Illingworth (2004) and Gourley et al. (2009) . Since beam blocking was common at the lowest elevation angle of 0.5°, unblocked data at an elevation angle of 1.0° were used in the evaluations below. Because the elevation angle was quite small, the effect of antenna elevation angle on polarimetric measurements (Adachi et al. 2013 ) is not considered in the evaluations. On the other hand, an altitude threshold was imposed to restrict sampling to only liquid hydrometeors below the bright band. In addition, a data mask was generated for each range profile of data based on the standard deviation of Ψ DP (≤ 12°) over seven consecutive gates, ρ HV (0) (≥ 0.85), and a signal to noise ratio (SNR ≥ 3 dB) to remove non-meteorological data prior to the calculations of theoretical Φ DP and running mean of observed Ψ DP . In the evaluations, raindrop axes are assumed to be vertical because instruments that measure the canting angle of raindrops, such as 2DVD, were not available. The optical disdrometers used in this study to evaluate radar estimations also assume vertical raindrop axes in retrieval of the rainfall rate. Data collected in winter of 2010 and summer of 2011 by the MACS-POL radar were used to evaluate the proposed method.
Autocalibration and retrievals of rain microphysical parameters
The radar reflectivity field observed by the MACS-POL radar at 0754 JST (Japan Standard Time: JST = UTC + 9 h) on December 3, 2010 indicates that a very heavy convective rain line was approaching the MRI site from the southwest with a speed of about 18 m s −1 (Fig. 3) . The peak value of Z exceeded 50 dBZ, suggesting high convective activities of the clouds. Indeed, this rain line generated an F1 tornado as it propagated toward the MRI in the region indicated by the arrow in the figure about 25 min later (0820 JST). This figure shows that the rain line at this time passed over Sekiyado (SYD), where a Parsivel optical disdrometer (Löffler-Mang and Joss 2000) was installed. Thus, we explore radial profiles of the radar data at an azimuth of 279° in the experiments so that the radial profile extends toward the Sekiyado site, as shown in the figure by the thick line. Note that the Parsivel disdrometer measurements were not used as an external reference in the proposed method; rather, the data were used only for the evaluation, as shown later. Because of the heavy rain, Ψ DP in this direction increased more than 120°, suggesting that very heavy attenuation in reflectivity was occurring.
Range profiles of observed Ψ DP , running mean of observed Ψ DP , theoretical Φ DP without attenuation correction procedures (original autocalibration), and theoretical Φ DP and K DP with attenuation correction procedures (DSD auto-retrieval technique) are shown in Fig. 4 . The initial differential phase for each profile was determined so that the theoretical value of Φ DP coincides with the running mean of the observed Ψ DP at the first range resolution volume. The (0) and Ψ DP backscatter differential phase δ is not considered in the theoretical Φ DP estimations because it may add a high-frequency fluctuation component that makes the range profile of Φ DP unnecessarily noisy. Instead, we applied a running mean to the observed Ψ DP to mitigate the high frequency fluctuations and retain the mean trend for ease of viewing. Note that this running mean applied to the observed Ψ DP does not have any influence on the theoretical estimations of Φ DP . The values of measured Z were scaled so that the theoretical Φ DP fits the smoothed-observed Ψ DP with range. On the other hand, we smoothed the measured Z H and Z V data before the calculation of theoretical Φ DP to mitigate statistical noise of Z DR , including local negative values (Fig. 6c) , because as previously mentioned the proposed method is very sensitive to the bias of Z DR . We found that suppressing the standard deviation of the Z DR statistical fluctuations less than 0.2 dB is enough to stabilize the proposed method. In this experiment, we smoothed the Z H and Z DR values by applying a 3-km (= 20-gate) running mean. The running mean was made linearly, and not logarithmically. The standard deviations of the Z DR in the running window at most of the range bins became less than 0.2 dB as a result of this smoothing. In addition, the attenuation-corrected Z DR with a value of less than 0.1 dB including negative values is set to 0 dB in the attenuation correction procedures to stabilize the calculations. Figure 4 shows a good agreement with range between the smoothed-measured Ψ DP and theoretical Φ DP with attenuation correction procedures profiles. A correction factor of 0.98 dB was applied to the values of measured Z for this profile. This correction factor could reflect a bias due to the wet radome of the antenna. Indeed, the correction factor for Z needed to match the two profiles varies with time from 0.00-0.98 dB in the comparisons. This range of bias variation in Z due to a wet radome agrees well with the result of Thompson et al. (2011) . In contrast, the profile of the theoretical Φ DP without attenuation correction procedures has large discrepancy from that with correction procedures. The profile of theoretical Φ DP without attenuation correction procedures remains constant at ranges of more than 36 km, and the difference of the values between the Φ DP profiles with/without attenuation correction procedures exceeds 65° at the last range gate, suggesting a large influence of rain attenuation on theoretical Φ DP . Note that the theoretical Φ DP profile has a small and almost constant gradient in the 2-20 km range, which corresponds to low values of the K DP profile in the figure, suggesting weak rainfall in this region. In contrast, the profile of the smoothed-observed Ψ DP fluctuates in the range if compared with that of the theoretical Φ DP . In the retrievals of the theoretical Φ DP profiles, we assumed a raindrop temperature of 10°C and a shape parameter of 5. The temperature was estimated from surface observations at Sekiyado with the dry adiabatic lapse rate, and the value of the shape parameter was estimated by comparing the profiles of smoothed-measured Ψ DP and theoretical Φ DP , as shown below. The effects of temperature and shape parameter are discussed in Section 4.
In the retrieval of the DSD parameters, we assume that the shape parameter is constant in a range profile as is assumed in Yoshikawa et al. (2014) , although this assumption may not be satisfied if the radar is sampling mixed convective/stratiform echoes that simultaneously exist in a single profile. Since the shape parameter is one of the parameters that determine the DSD, it influences attenuation, which may affect the profiles of theoretical Φ DP . We found that the dependency of the theoretical Φ DP profile on the shape parameter is evident when multiple rainfall peaks existed in a rain path in the radial direction. An example of a Φ DP range profile with attenuation correction procedures is shown in Fig. 5 . The gradient of the smoothed-measured Ψ DP profile locally becomes flat with range at around 40 km, suggesting that this range was located between heavy rainfall regions. Note that in that range, the smoothed-measured Ψ DP profile locates between the theoretical Φ DP profiles with shape parameters of 0 and 8, despite the fact that the values of the theoretical Φ DP at the first and last range gates coincide with those of the smoothed-measured Ψ DP . The optimum value of the shape parameter was determined by minimizing the root mean square of the difference between the profiles of theoretical Φ DP and the smoothed-measured Ψ DP . The shape parameter of 5 made all the theoretical Φ DP profiles analyzed in the comparisons fit best with the smoothed-measured Ψ DP profiles associated with the line-shaped convective system. This value may reflect the mean of the shape parameter of this storm. Indeed, the mean value of μ derived from the disdrometer data measured at Sekiyado by the method proposed by Zhang et al. (2003) for the rain associated with the passage of the storm indicates almost the same value, as shown in Fig. 5 . However, note that the shape parameter estimated with the disdrometer is an "effective μ" and the estimated value could be slightly higher than "true μ" because the small drop end is not well measured with a disdrometer of this type (e.g., Krajewski et al. 2006) . Profiles of the co-polar and differential specific attenuation, reflectivity, differential reflectivity, and median volume diameter analyzed at 0754 JST are shown in Fig. 6 . The values of A H and A DP have their maximum peaks (Fig. 6a) in the range where the value of Φ DP monotonically increases with range (Fig. 4) . The values of attenuation-corrected reflectivity (Fig. 6b) and differential reflectivity (Fig. 6c) were increased from the measured values, especially beyond 28 km in range where the gradient of Φ DP becomes steep, suggesting the existence of heavy rainfalls with strong attenuation in that region as expected. Although the maximum value of the measured Z H was greater than 50 dBZ, the values of ρ HV (0) were ≥ 0.95 in the 4.5-34.5 km range (not shown), suggesting that no ice hydrometeor was included in that range. In fact, the disdrometer at Sekiyado observed no ice hydrometeor during the passage of the storm. Note that the measured Z DR takes negative values beyond 36 km in range, beyond which the profile of theoretical Φ DP without the attenuation correction procedures remains constant (Fig.  4) . The median volume diameter D 0 exceeds 2.5 mm in the range where the corrected reflectivity is quite high. These characteristics are consistent with the range profile of the rainfall rate estimated.
Profiles of the rainfall rate estimated with different methods are shown in Fig. 7 . The first rainfall-rate profile was estimated using Eq. (A2) from the DSD obtained by attenuation-corrected Z H , Z DR , and theoretical Φ DP with the proposed method. The drop terminal velocity proposed by Lhermitte (1990) is used in Eq. (A2), which is given as
where D (mm) is the equivalent-volume diameter. The effect of air density on the raindrop fall speed (Foote and du Toit 1969) was not considered. The second rainfall-rate profile was estimated using an existing method based on Gorgucci et al. (1994) but with parameters proposed by Bringi and Chandrasekar (2001) from the attenuation-corrected Z H and Z DR as 
The third rainfall-rate profile was obtained from K DP by the method proposed by Bringi and Chandrasekar (2001) as 
where f is the operating frequency in GHz ( Table 1 ). Note that the coefficient is assumed to be constant in Eq. (20), although it should depend on the drop axis model and probability distribution function (PDF) of the median diameter. The K DP data are derived in the estimation process of theoretical Φ DP using the proposed method, as mentioned in Section 2.2. The fourth and fifth rainfall rate profiles were derived from uncorrected and attenuation-corrected observed Z H values by using the so-called R(Z H ) relation with the coefficients of Marshall et al. (1952) and/or Marshall et al. (1955) , which has operationally been used in (21) Figure 7 clearly shows that the rainfall rate retrieved by the proposed method is consistent with that derived with the existing methods of rainfall estimation. The figure also indicates, as expected, that R(Z H ) has a tendency to underestimate, even with attenuation-corrected reflectivity, especially in heavy rain regions, if compared with those derived by the proposed method. However, validation is needed to verify the reliability of the method, although the fact that the theoretical Φ DP profiles fit the smoothed-measured Ψ DP (Fig. 4) suggests that the microphysical characteristics of rain could be well simulated by the proposed method.
Comparison of the retrieved microphysical parameters of raindrops with disdrometer measurements
To evaluate the reliability of the rain microphysical parameters including the rainfall rate retrieved with the proposed DSD auto-retrieval technique, we compared the parameters obtained with those derived from the Parsivel disdrometer measurements at Sekiyado, which is located about 31.8 km west-northwest of the MRI site (Fig. 3) . Since this type of disdrometer has been reported to have an overestimation tendency, especially in heavy (e.g., R > 30 mm h −1 ) rainfall (e.g., Thurai et al. 2011; Tokay et al. 2013) , we reprocessed and applied a quality control to the disdrometer data (see Appendix A of Adachi et al. (2013) for the detail) before the comparisons. The comparisons were made using the data recorded on December 3, 2010. The radar-estimated microphysical parameters available for the single point nearest the Sekiyado station were used for the comparisons. In the comparisons, the difference in observational heights (the radar beam center observed precipitation about 400 m above the Sekiyado station) is not considered. Figure 8 shows the time series of (a) rainfall rate, (b) reflectivity, (c) differential reflectivity, (d) median volume diameter, (e) normalized number concentration, and (f) rainwater content derived from the Parsivel and the radar observations at Sekiyado. The thin line shows the 1-min mean data observed with the Parsivel, and the marks in each panel and the dashed line in Fig. 8a indicate the corresponding data estimated every 4 min from the radar data. The time series of the rainfall rate (Fig. 8a) clearly shows that the proposed method R(Z H , Z DR, Φ DP ) is comparable with both R(Z H , Z DR ) and R(K DP ) and outperforms R(Z obs ), particularly in heavy rainfall. The reflectivity and differential reflectivity data (Figs. 8b, c) show that the observed data have an underestimation tendency, whereas the attenuation-corrected data agree fairly well with the disdrometer estimations, particularly in the second half of the comparison period, despite the large variations in short time. In the comparison of median diameter (Fig. 8d) , we plotted an estimation of the median diameter from the relation proposed by Bringi et al. (2006) as a reference in addition to those derived with the proposed method. This figure clearly shows that the latter has almost the same performance as the former, although the latter is estimated from the attenuation-corrected Z DR retrieved with the proposed method. Note that discrepancies in the first half of the comparison period for both estimation methods are a bit larger than those in the second half of the period, which is consistent with the characteristics of the reflectivity and differential reflectivity data (Figs. 8b, c) . The intercept parameters in Fig. 8e were derived with the proposed method and with the empirical method proposed by Thurai et al. (2012) . The intercept parameters estimated from both methods take reasonable values compared with the disdrometer measurements, especially in the second half of the comparison period. The underestimation tendency in the first half of the period for the proposed method could reflect discrepancies of the estimated median diameter in the same period (Fig. 8d) . In contrast, rainwater contents estimated from both the proposed method and the method introduced by Bringi and Chandrasekar (2001) well with the data derived from the disdrometer measurements (Fig. 8f) . Although the comparisons show that the parameters derived with the proposed method are consistent with several existing methods and generally have good agreement with measurements on the ground, the number of data seems too small to acquire statistical results that show the reliability of this method. This limitation occurred because the observation period for the disdrometer was limited to about 1 h as the propagation speed of the line-shaped convective system was very fast. We next analyze rainfall data with a longer period associated with a typhoon to statistically explore the reliability of the proposed method.
Evaluation of retrieved rainfall rates during the
passage of a typhoon Typhoon Roke passed across the Kanto Plain, on which the MRI is located, in September 2011. The typhoon made landfall at 1400 JST on September 21, 2011 in Hamamatsu, about 270 km west-southwest of MRI, with a pressure as low as 949 hPa at mean sea level (MSL). Precipitation including heavy rainfalls due to spiral rain bands associated with the typhoon was observed in the Kanto Plain and may have caused significant rain attenuation for the radars operating at C-band or higher frequencies. The MACS-POL radar observations indicate that the center of Roke was located within only 10 km northwest of the Sekiyado (SYD) station at 1820 JST. Rainfall associated with the typhoon continued for about 10 h at the Sekiyado site, which may be long enough for the comparison to provide statistical results and evaluate the reliability of the proposed method. In this comparison, however, we did not use the Parsivel measurements at the Sekiyado station because Parsivel was not deployed with other rain gauges as suggested by Friedrich et al. (2013) to qualify the Parsivel measurements in strong winds. Thus, we used the Parsivel measurements at the Kumagaya (KMG) station located about 67.9 km west-northwest of the MRI site (Fig. 3) , where a weighing (Pluvio 2 ) precipitation gauge (Nemeth 2008 ) and an operational tipping-bucket rain gauge were colocated. The time and rain amount resolutions of the tipping-bucket rain gauge (Pluvio) were 10 min (1 min) and 0.5 mm (0.03 mm), respectively. The total rainfall amount measured with the Pluvio (84 mm) at the Kumagaya site during the evaluation period agreed well with that measured with the operational rain gauge (87 mm) despite strong winds associated with the typhoon. The Kumagaya station recorded the highest wind speed of 21.2 m s −1 at 1730 JST and the lowest pressure of 972.8 hPa MSL at 1819 JST.
a. Time series analysis
Comparisons were made using data recorded from 1000 to 2000 JST on September 21, 2011. The radar-estimated rainfall-rate data available for the single point nearest the Kumagaya station were used for the comparisons. In this evaluation, the range profiles of Z H and Z DR were smoothed by applying a 1.5-km (= 10-gate) running mean filter before obtaining theoretical Φ DP profiles to suppress the standard deviation of the Z DR statistical fluctuations less than 0.2 dB in the running window at most of the range bins. In the retrievals, a value of the shape parameter of 0-3 best fit the theoretical Φ DP profiles with those of smoothed-observed Ψ DP in the comparison period. Indeed, the values of the mean and standard deviation of the shape parameter derived from the disdrometer measurements for rainfall rates exceeding 10 mm h −1 in the period of 1000-2000 JST were 1.8 ± 3.1. A raindrop temperature of 20°C was estimated from the surface observations with the dry adiabatic lapse rate and was used in the retrievals. The deficit region resulting from the alternation of short-and long-pulse observations, seen in Fig. 3 , was removed and filled with observation data in the profiles used in this evaluation because a radar system adjustment was applied in August 2011. The type of precipitation was determined from wind profiler measurements at Kumagaya, which was a part of the WInd profiler Network and Data Acquisition System (WINDAS; Ishihara et al. 2006) , using the method proposed by Williams et al. (1995) .
Time series of (a) rainfall rate, (b) reflectivity, (c) differential reflectivity, (d) median volume diameter, (e) normalized number concentration, and (f) rainwater content derived from the ground measurements and the radar observations at Kumagaya appear in Fig. 9 . This figure corresponds to Fig. 8 except that it is for the typhoon and that Pluvio measurements instead of Parsivel measurments were used for the rainfall rate in Fig. 9a . The thin line in each panel shows the 1-min mean rain parameter obtained by the surface observations, and the closed circles indicate the radar estimates with the proposed method every 4 min. This figure shows that the radar estimations by the proposed method generally agree well with the surface measurements of both rainfall rate (Fig.  9a ) and rain microphysical parameters (Figs. 9b-d,  f) , except N W despite several abrupt variations of the rainfall rate and type of precipitation in the time associated with the passage of rain bands of the typhoon. The discrepancy of the normalized number concentration in Fig. 9e is slightly distinct, as in Fig. 8e . This could be attributable to the fact that the estimation of N W from radar measurements is difficult, as indicated by Kalogiros et al. (2013) . This is because for a given W, the N W varies as D 0 4 − , as given by Eq. (A9), and a small error in D 0 gets amplified. On the other hand, the radar estimates without attenuation correction, indicated by the open circles in Figs. 9a-c, have distinct underestimation tendencies. Indeed, Fig. 9a clearly shows that the proposed method outperforms R(Z obs ), particularly in heavy rainfall, as in Fig. 8a . However, the reliability of the proposed method is a bit more complicated in specific short periods.
The reflectivity data retrieved with the proposed method (Fig. 9b) show a clear underestimation tendency of up to 5 dB from 1644 to 1820 JST, which could correspond to a 50 % decrease in the rainfall rate. The discrepancy in this time period is also clear in the median volume diameter measurements (Fig.  9d) . We divided the duration of this discrepancy into two periods, from 1644 to 1730 JST (P 1 ) and from 1730 to 1820 JST (P 2 ), because the factors that caused the discrepancies in the two periods may be different. In fact, the negative bias of Z in the first period (Fig.  9b) does not affect the rainfall rate (Fig. 9a) ; rather, the rainfall rate estimated with the proposed method in P 1 agrees well with that of the surface observation rather than that with the underestimation of 50 % as expected. In contrast, the negative bias of the rainfall rate retrieved with the proposed method in P 2 is distinct. Because the surface rainfall measurements were not from the Parsivel disdrometer but from the weighing rain gage (Pluvio), the bias shown in P 1 in the rain microphysical parameters (Figs. 9b-f) could be attributable to not unreliability of the proposed method but the errors of Parsivel measurements due to sustained strong winds, as shown in Appendix B. On the contrary, in P 2 , because the radar estimated rainfall rates have large bias, other microphysical parameters of raindrops retrieved with the proposed method in this period could also be unreliable. The discrepancy in P 2 may be attributable to the wet radome being coated inhomogeneously with rainwater due to high winds, as discussed in Appendix C.
b. Statistical results
Scatter diagrams comparing the Pluvio rainfall rate with those estimated from the radar observations are shown in Fig. 10 . The statistics for the sample rainfall rate shown in Fig. 10 are given in Table 2 , along with the corresponding statistics for the data with the classified rainfall rates and for the data with P 2 excluded. In Fig. 10 , closed circles and open crosses indicate data from the proposed method and R(Z obs ), respectively, whereas small (large) open circles represent R(Z H , Z DR ) (R(K DP )). Radar data that did not have the corresponding Pluvio data for the same times were removed before the comparison; that is, the same number of observations is used for each method in the figure. To compensate for the difference in observational heights (the radar beam center observed precipitation about 900 m above the Kumagaya station), the times of the radar measurements were adjusted to match those of the Pluvio using the empirical terminal velocity (Lhermitte 1990 ) of the median volume diameter (D 0 ) of the raindrops estimated with the proposed method.
This figure clearly shows that the three methods with polarimetric measurements, (R(Z H , Z DR , Φ DP ), R(Z H , Z DR ), and R(K DP )), in the retrieval of rainfall rates outperform R(Z H ) and are particularly reliable in heavy rain, which is reflected in the linear regressions for the data. The linear regression for the proposed method is close to that of R(K DP ) and is almost on the 1:1 line, despite the difference in observational space and averaging time between the two measurements, whereas the linear regression for R(Z H , Z DR ) indicates a slight tendency to underestimate. In contrast, the linear regression for R(Z obs ) shows an underestimation tendency of more than 70 %. These differences are reflected in the statistics for the radar rainfall estimates versus the Pluvio measurements in Table 2 . We computed several statistics to explore the relation between the rainfall rate measurements of the weighing precipitation gauge, Pluvio (W i ), and the rainfall rate estimations from the radar observations (R i ). The statistics are based on the difference between the two platforms, D i = R i − W i . For the rainfall rate retrievals from the radar observations, we used the rate determined by R(Z H , Z DR , Φ DP ), R(Z H , Z DR ), R(K DP ), R(Z ac ), and R(Z obs ). The bias (systematic error) of the rainfall rate is
and the standard deviation (precision) is Bias (mm h -1 ) Standard deviation (mm h -1 ) Rms difference (mm h -1 ) where N is the number of observations. We also calculated the root mean square of the rainfall rate differences as follows:
In addition to the statistics above, we also derived coefficients of the linear regression and correlation between the derived rainfall rates with the two platforms. The statistics for the sample rainfall rates are given in Table 2 , along with the corresponding statistics for the data estimated from the radar measurements for different algorithms and thresholds. Rainfall rates measured with Pluvio are used for the rainfall rate classifications with a threshold value. Note that the statistics in Table 2 are conditional because rainfall rates estimated by radar that are less than the threshold value can be included in the statistical values. All the data except those in P 2 are also considered in the classifications as a reference. Note that the minimum detectable rainfall rate with Pluvio was 1.8 mm h −1 , but all the data in the comparison period were considered. However, Pluvio data that did not have corresponding radar data for the same time were removed before the comparison. All the statistical data show that R(Z obs ) has the lowest reliability of the five rainfall retrieval algorithms as expected. Indeed, it has the worst bias, standard deviation, root mean square, and coefficients of liner regression and correlation among the methods. In addition, the statistical data for R(Z obs ) became worse with the threshold of the rainfall rate. This is likely because the effect of attenuation by precipitation increases with the rainfall rate, which is supported by an increase of mean Φ DP with the threshold of the rainfall rate. Although it has better reliability than R(Z obs ), R(Z ac ) still has an underestimation tendency. This could reflect the fact that the exact rainfall rate cannot be determined only from reflectivity. On the other hand, slope coefficients and correlation coefficients for the three methods with polarimetric measurements are close to unity and almost independent of the threshold of the rainfall rate, although the slope coefficient for R(Z H , Z DR ) indicates a slight tendency to underestimate.
Both the standard deviation and root mean square difference of the three methods with polarimetric measurements tend to increase with the threshold of the rainfall rate. The reason for these increases may include the decrease in sample number with the rainfall rate. The standard deviations for these methods in the same threshold of the rainfall rate are very similar. However, rainfall rates measured with the proposed method always has the smallest bias among the three, and has a comparable root mean square of difference with R(K DP ), which is smaller than R(Z H , Z DR ). These results may reflect the characteristics of the slope coefficients. Note that the bias of R(K DP ) does not increase when the threshold is decreased, contrary to the results of Chandrasekar et al. (1990) . This could be because the K DP data used to estimate the rainfall rate in the present study is not derived by differentiating the smoothed-observed Ψ DP profile but is estimated from both Z H and Z DR by the proposed method, and the latter is less noisy even in weak rain regions, as shown in Fig. 4 .
The exact reliability of the proposed method could be better than the statistical results shown here. This is because the time adjustment may not be enough to compensate well for the difference in observation height, and because the effect of horizontal winds that cause ground-level droplet deposition to be displaced from the elevated radar resolution cell location (Doviak and Zrnić 1993) in addition to the difference in observational space and averaging time of the two data sets is not considered in the results. Indeed, Ciach and Krajewski (1999) indicated that the spatial characteristics of rainfall can directly impact the area-point differences synthetically. However, these results provide confidence that the proposed method is suitable for estimating rainfall rates and microphysical parameters of raindrops even in heavy rain since this method retrieves the former by estimating the latter. Because both raindrop temperature and shape parameter are assumed to be constant for the theoretical retrieval of Φ DP in each range profile, we focus on the effects of the temperature and shape parameter on the rainfall rate estimation in the following section.
Discussion
As reported above, we found many instances wherein the proposed method is reliable in even heavy rainfall where large attenuation is expected as proved, for instance, by the statistics derived from the comparison with the Pluvio measurements. In the estimation of rainfall rates, we assumed constant raindrop temperature and shape parameter in each retrieval of the theoretical Φ DP profile. However, both these parameters should vary with range in the actual profile. In this section, we separately examine the effects of raindrop temperature and the shape parameter on the retrieval of the rainfall rate.
We use the profile for the line-shaped convective system described in Section 3 rather than that for the typhoon because the former is much simpler, which makes it easier to evaluate the effects.
Effect of raindrop temperature on retrieval of
the rainfall rate As described in Section 2, the consistency curves are temperature dependent, as shown in Figs. 1 and  2 . In the retrieval of rainfall rates with the proposed method, we estimated the raindrop temperature from surface observations and observational heights of the radar beam center based on the assumption that the raindrop temperature is equal to the atmospheric temperature at the same altitude. In the case of the line-shaped convective system observed on December 3, 2010, described in Section 3.2, the temperature was set to 10°C. To diagnose the temperature dependency of the consistency method, we use the profile of rainfall rates retrieved with the proposed method at 0754 JST (Fig. 7) as a reference and compare it with those retrieved with temperatures of 0°C and 20°C. Note that we assume in the retrieval that the value of the shape parameter for each profile is 5, as in Section 3.2, and that raindrops are liquid even at 0°C.
Scatter diagrams comparing the rainfall rate with a raindrop temperature of 10°C with those of 0°C and 20°C along with corresponding statistics for the data are shown in Fig. 11 . The closed and open circles indicate retrieved data assuming temperatures of 0°C and 20°C, respectively. The number of observations for each temperature is equal in the figure. The figure shows that the rainfall rate data with raindrop temperatures of 0°C and 20°C generally agree well with those of 10°C. Both the gradients and correlation coefficients for 0°C and 20°C are close to unity, mean biases are less than 2 mm h −1 , and standard deviations are about 3 mm h −1 . These values are surprisingly small when compared with the maximum rainfall rate (~130 mm h −1 ) included in the profile. The results suggest that the rainfall rate retrieved with the proposed method is not very sensitive to the raindrop temperature. This result is promising because it means that the assumption of the constant raindrop temperature in each range profile may be reasonable as long as the elevation angle is small, and that the atmospheric temperature may be used as the raindrop temperature in the retrieval.
Effect of shape parameter on the retrieval of the
rainfall rate Illingworth and Blackman (2002) demonstrated that the consistency relation was virtually independent of variations in μ, as shown in Fig. 1 . In contrast, our results indicate that the co-polar and differential specific attenuation have shape parameter dependency (Fig. 2) . Although the dependency is relatively small, particularly at C-band, the attenuation effects may not be negligible, as mentioned in Section 2, resulting in large differences in both DSD estimation and retrieval of the rainfall rate. To explore the dependency of the proposed method on the shape parameter, we use the rainfall-rate profile retrieved at 0754 JST with a shape parameter of 5 as a reference (Fig. 7) and compare it with those retrieved with shape parameters of 0, 3, and 7. The last two values correspond to the referenced shape parameter of 5 ± σ, where σ is the measured standard deviation of the parameter (Fig. 5) . In the retrievals, we assume a raindrop temperature of 10°C for each profile, as in Section 3.2.
Scatter diagrams comparing the rainfall rate derived with the shape parameter of 5 with those of 0, 3, and 7 along with corresponding linear regressions through the origin for the data are shown in Fig. 12 . The large and small open circles indicate data with the shape parameters of 7 and 3, whereas closed circles and open crosses represent data with the shape parameter of 0 in the range of less than 33 km and equal to or more than 33 km, where the heaviest rainfall rate was analyzed (Fig. 7) , respectively. The number of observations is equal for each shape parameter in the figure. This figure shows that the proposed method with the shape parameter of 3 or 7 estimates the rainfall rate accurate to 10 %, compared with that estimated with the shape parameter of 5. However, the accuracy is quite low for the retrieval with the shape parameter of 0. Note that the accuracy (~66 %) behind the heavy rain peak (further than 33 km from the radar site) is much worse than that ahead of it (~38 %). This result suggests that the bias of the rainfall rate by the shape parameter is attributable to rain attenuation because the error is larger behind the heavy rainfall through which heavy attenuation is expected. To further examine the effect of the attenuation on the retrieval rainfall rate, we next explore the dependency of the co-polar and differential specific attenuation on the shape parameter. Scatter diagrams comparing specific attenuation and specific differential attenuation estimated with the shape parameter of 5 with those estimated with the shape parameters of 0, 3, and 7 are shown in Figs. 13a and 13b , respectively. The large and small open circles indicate data with the shape parameters of 7 and 3, whereas the closed circles and open crosses represent data with the shape parameter of 0 in the range of less than 33 km and equal to or more than 33 km, respectively. The number of observations is equal for each shape parameter in the figure. This figure shows that the sensitivities of A H and A DP to the shape parameter are not very large as long as the shape parameter is obtained with an accuracy of 2 as expected. However, the behaviors of A H and A DP with the shape parameter of 0 are quite different. Although the discrepancy of A H with the shape parameter of 0 is comparable with those with the shape parameter of 3 in the range of up to 30 km where very heavy rainfall rate (> 100 mm h −1 ) was retrieved (Fig. 7) , it becomes large behind it. In contrast, the discrepancy of A DP is large ahead of the heavy rain but comparable with those with the shape parameter of 3 in the range behind it. A detailed analysis of the behavior difference between A H and A DP is beyond the scope of this study; however, these discrepancies could be responsible for large error in the retrieval of the rainfall rate by the proposed method when using an inappropriate shape parameter.
Conclusions
We developed an algorithm for rain attenuation correction of the reflectivity factor and differential reflectivity measured by polarimetric radar at attenuating frequency to retrieve DSD parameters and the rainfall rate. The algorithm presented in this study was developed based on the self-consistency principle, describing the interrelation between polarimetric measurements along the range profile. It does not require any assumptions of relation among DSD parameters and/or simplifications of relation between the axis ratio and diameter of raindrops, which were used in previous studies. Moreover, the proposed algorithm needs no external reference data, such as 2DVD measurements, for attenuation corrections because it retrieves the co-polar and differential specific attenuation from interrelation among the polarimetric measurements. In addition, the algorithm retrieves three parameters of the modified gamma distribution, from which rain parameters including the rainfall rate can be theoretically estimated. The performance of this algorithm was evaluated by comparison with optical disdrometers and a weighing precipitation gauge. The evaluation of the algorithm showed fairly good agreement between the retrieved three DSD parameters of raindrops and both reflectivity and differential reflectivity with those obtained by surface measurements irrespective of convective and stratiform precipitation conditions. In addition, the algorithm demonstrated significant improvement in performance for the rainfall rate estimation compared with rates estimated using the so-called Z-R relation. Results also showed that the algorithm has better accuracy and comparable precision of the rainfall rate with those estimated from the specific differential phase.
Although this algorithm requires information on raindrop temperature, sensitivity tests revealed that the performance of the algorithm has low sensitivity to raindrop temperature for C-band. This suggests that atmospheric temperature estimated with numerical models can be used for retrieval even above the ocean, where no surface temperature measurements are available for reference, as long as the precipitation is liquid. The sensitivity tests also suggest that the reliability of this algorithm in the retrieval of the rainfall rate may be degraded by 10 %, which corresponds to an accuracy of 0.7 dBZ in reflectivity and is fairly reliable, if the shape parameter has a bias of ± 2. Although a constant shape parameter was assumed for every range profile of the theoretical Φ DP in the present study, this algorithm is available for the case wherein the shape parameter varies with range. Shape parameters at each range gate may be estimated from polarimetric parameters including correlation coefficient at zero lag ρ HV (0) using, for instance, the technique proposed by Thurai et al. (2008) . In addition, a constant maximum drop diameter was assumed for every range profile of the theoretical Φ DP in this study. However, since the maximum drop diameter (D max ) can also vary with range, the estimation of D max from retrieved rain parameters (e.g., Brandes et al. 2003; Carey et al. 2013 ) may contribute in making this algorithm even more reliable.
Finally, one caveat to note is that the performance and reliability of the method shown herein are represented for radar measurements at C-band and may not accurately represent radars operating at different frequencies, although the theory is applicable to the radars operating at different frequencies. Indeed, we have already confirmed that the proposed method is applicable for X-band radars (Adachi et al. 2014) . However, the consistency curves for K DP /Z, A H /Z, and A DP /Z for X-band in Figs. 1 and 2 show that these are more sensitive to raindrop temperature and the shape parameter than those for C-band. Estimations of the shape parameter and raindrop temperature with more accuracy and precision may be needed for X-band radars to achieve comparable reliability with C-band radars using this method. Note also that this algorithm is available for only pure rain. Contamination by ice hydrometeors, including hail and/or graupel, irrespective of dry or wet conditions along a rain path in a radial direction, may result in large errors in the retrievals of rain parameters with the proposed algorithm. However, contamination other than that from pure rain including ground clutter and/or partial beam blockage in a radial direction can be identified and discarded by this method because it causes a large discrepancy of the theoretical Φ DP profile from the smoothed-observed Ψ DP . Ice hydrometeors can also be detected to some extent from polarimetric measurements (e.g., Golestani et al. 1989; Park et al. 2009; Cifelli et al. 2011; Adachi et al. 2013) . In this case, R(K DP ) can be used for the estimation of rainfall rates as long as ice hydrometeors are dry (e.g., Picca and Ryzhkov 2011; Ryzhkov et al. 2009 ), although DSD parameters cannot be deduced with the method.
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Appendix A: Theoretical background

A.1 Raindrop size distribution
Dual polarimetric radar observables depend on the microphysical characteristics of rain, namely, raindrop size distribution (DSD), shape, and orientation relative to the local vertical direction, and raindrop temperature (e.g., Bringi and Chandrasekar 2001) . For the DSD N(D) (mm −1 m −3 ), numerous studies on DSD measurements (e.g., Bringi et al. 2003) have shown that a modified Gamma function adequately represents the natural variation in DSD. The un-normalized form of the gamma DSD from Ulbrich (1983) is given by
where D (mm) is the equivalent-volume spherical raindrop diameter, N 0 (mm −1−μ m −3 ) is the raindrop concentration, and μ (unitless) and Λ (mm −1 ) represent the shape and slope parameters of the distribution, respectively. Rainfall rate R (mm h −1 ) can be derived from DSD using
where v(D) (m s −1 ) is the raindrop terminal velocity. The rainwater content W (g m −3 ) can also be derived in terms of DSD using
where ρ W is the density of water (1 g cm −3 ). The rainwater content can be related to the median volume diameter D 0 (mm) of the distribution, which is defined by Ulbrich (1983) showed that D 0 can be estimated from μ and Λ by
By substituting (A5) in (A1), we derive the DSD in terms of D 0 as
Willis (1984) introduced the concept of normalized N(D), which can re-express (A6) as the normalized gamma distribution (Bringi and Chandrasekar 2001; Testud et al. 2001; Illingworth and Blackman 2002) and is given by
where f(μ) is defined as 
where λ (m) is the wavelength, S hh,vv (m) are the backscattering co-polar components of the scattering amplitude matrix, D min and D max (mm) are the minimum and maximum drop diameters, respectively, and K is a constant defined as K = (ε − 1)/(ε + 2), where ε is the complex dielectric constant of water estimated as a function of wavelength and temperature (Ray 1972) . The specific differential phase shift K DP (deg km −1 ), which represents the propagation phase difference between the two orthogonal polarizations, and the specific attenuation of horizontal polarization A H (dB km −1 ) and of vertical polarization A V (dB km −1 ) are defined as follows: 
where f hh,vv (m) are the forward scattering co-polar amplitudes. In addition, the differential specific attenuation A DP (dB km −1 ) and the two-way differential propagation phase Φ DP (deg) between two range locations r 1 and r 2 (km) are defined as
In practice, dual polarimetric radar observes the sum of the differential propagation phase Φ DP and the backscatter differential phase δ (deg) given by
where
The backscatter differential phase δ increases high-frequency gate-to-gate fluctuations in measurements of differential phase Ψ DP (deg).
Note that scattering amplitudes in (A10) and (A12)-(A14) can be calculated using the T-matrix method (Mishchenko and Travis 1994) from the equivalent volume diameter D, the wavelength λ, axis ratio of raindrops r, and the complex dielectric constant of water ε. For the axis ratio r, we use the result of Brandes et al. (2005) because Gourley et al. (2009) showed that this is one of the most suitable models for the autocalibration.
Appendix B: Effect of high winds on measurements of the Parsivel disdrometer The rain parameters retrieved from the C-band dual polarized radar measurements during the passage of a typhoon with the proposed method in Section 3.4 generally showed good agreement with those derived from Parsivel disdrometer data. However, there was a distinct difference in the periods from 1644 to 1732 JST (P 1 ) and from 1733 to 1820 JST (P 2 ), as shown in Fig. 9 . Here, by comparing with weighing precipitation gauge data, we show that the discrepancy in period P 1 was not a result of imperfection of the proposed method but was attributable to incorrect measurements of the Parsivel disdrometer, which was deployed in high winds associated with the typhoon.
The rainfall rate estimated with the proposed method agreed well with the surface measurement in period P 1 , as shown in Fig. 9a , despite the distinct discrepancy in reflectivity in that period (Fig. 9b) . Recall that the rainfall measurement was not made by the Parsivel disdrometer but by a weighing precipitation gauge (Pluvio). The data measured with Pluvio in P 1 may be reliable because the rain amount measured with the operational rain gauge (19.0 mm) in that period was quite close to that observed with Pluvio (18.51 mm), but was different from that obtained by the disdrometer (22.93 mm). Indeed, the time series of the rainfall rate (Fig. A1) clearly shows that the rainfall rate data derived from the Parsivel continuously deviated from those measured with Pluvio in P 1 . This fact suggests that the rain parameters, including reflectivity, obtained with Parsivel during this period were not reliable. Note that this figure also shows that P 1 was included in the high-winds (> 15 m s −1 ) period. Friedrich et al. (2013) suggested that Parsivel disdrometers deployed in sustained strong winds exceeding 15-20 m s −1 tend to lead to misclassification of the diameter class, resulting in an artifact in DSD measurements. They also showed that the artifact is characterized by a large number concentration of raindrops with large diameters and unrealistically low fall velocities.
To explore the effect of strong wind on the Parsivel measurements, we resampled all Parsivel data in P 1 with a rainfall rate at least 10 mm h −1 larger than that measured with Pluvio to obtain the means of DSD and terminal velocity (Fig. A2) . The number of data sampled was 11. A large number concentration of raindrops with large diameters was not clear because reference observations such as collocated 2DVD measurements were not available, although the number concentration is a bit larger for large raindrops (> 2 mm) than the empirical DSD by Marshall and Palmer (1948) . However, the measured terminal fall velocity is quite different from the fall velocitydiameter relation for rain described by Lhermitte (1990) . This figure clearly shows that terminal velocities for raindrops ranging from 1 to 3 mm (more than 3 mm) in diameter tend to take values below (above) the typical fall velocity by up to 12 %. This kind of large discrepancy of terminal velocity was not observed in other evaluation periods. The smaller fall velocity might be attributable to the strong winds, as Friedrich et al. (2013) suggested, and the cause of the larger fall velocity might include low atmospheric pressure associated with the typhoon passage. In addition, the assumption of vertical raindrop axes in the retrieval of the rainfall rate from the Parsivel measurements may not be satisfied because of strong turbulence associated with the high-winds, and they contribute to the artifact in the measurements for raindrops with large diameters. A detailed analysis of this discrepancy of terminal velocity is beyond the scope of this study. However, because the terminal fall velocity in P 1 is quite different from that of the empirical values, we consider that the DSD measured with the Parsivel disdrometers in this period was unreliable and conclude that the discrepancy in rain microphysical parameter comparisons in Fig. 8 in that period was not a result of imperfection of the proposed method but was attributable to incorrect Parsivel disdrometer measurements due to sustained strong winds associated with the typhoon. We also conclude that the rain parameters in the rest of the evaluation period at Kumagaya were reliable because the Parsivel disdrometer agreed well with Pluvio in terms of rainfall rate estimations (Fig. A1 ).
Appendix C: Effect of the wet radome with heavy rainfall and high winds on the retrieval of the rainfall rate
The discrepancy in the rainfall rate in the second period (P 2 ) could be attributable to error of the proposed method because rainfall rates estimated with Parsivel in this period agreed well with those measured with Pluvio (Fig. A1) . In this section, we explore the cause that biased the rainfall estimations with the proposed method. Time series of the rainfall rate at the MRI and Kumagaya stations appear in Fig.  A3 . This figure shows that rainfall associated with the typhoon occurred frequently even at the MRI site during the evaluation period, which should have wet the radome of the MACS-POL radar. A wet radome causes a bias in reflectivity measurements of up to several dBZ (e.g., Thompson et al. 2011) , which could cause large errors in rainfall estimation based on Z-R relation. However, the bias due to a wet radome in reflectivity measurements does not affect the rainfall estimations with the proposed method as long as the radome is homogeneously coated with rainwater, as mentioned in Section 3. Indeed, the rainfall rate estimated with the proposed method agreed well with the Pluvio measurements at Kumagaya (Fig. A3b) , although relatively high precipitation (> 30 mm h −1 ) was observed frequently at the MRI site until the onset of heavy rainfalls with high winds exceeding 20 m s −1 at 1733 JST, when period P 2 began.
Radar observation shows that the heavy rainfall observed at MRI in P 2 was that observed at the Kumagaya (Fig. A1 ) site in P 1 , which propagated to MRI with the typhoon. The Parsivel rainfall measurements at MRI were likely not affected by the high winds associated with the typhoon in P 2 because they agreed well with an operational tipping-bucket rain gauge located in the MRI observation field (Fig.  A3a) . We consider that the discrepancy of the rainfall rate in P 2 at Kumagaya is attributable to high winds associated with the heavy rainfalls at MRI because the discrepancy became distinct when wind speed exceeded 20 m s −1 . The high winds and associated heavy rainfalls could have caused an inhomogeneously wet radome that induced the bias in Z DR measurements. Indeed, Fig. 9c shows an overestimation tendency of the values of attenuation-corrected Z DR in this period. Although the bias of Z DR retrieved Fig. A2 . Mean terminal velocity and raindrop size distribution (DSD) derived from the Parsivel data with a rainfall rate more than 10 mm h −1 larger than that observed with Pluvio between 1644 and 1732 JST on September 21, 2011 at Kumagaya. The thick line denotes observed mean terminal velocity with standard deviations shown by error bars, and the dashed line depicts a theoretical terminal velocity by Lhermitte (1990) . The thin line represents a theoretical DSD by Marshall and Palmer (1948) , and the thin line with open circles indicates the observed mean DSD, as shown in the legend at the bottom along with averaged ZH, ZDR, rainfall rate, and D0.
could not be very large, it greatly effects rainfall estimation (e.g., Illingworth 2004 ). This result suggest that the reliability of the proposed method becomes low when heavy rainfall (> 30 mm h −1 ) with high winds (exceeding 20 m s −1 ) are observed at the radar site, although the thresholds could vary with conditions such as the type of radome mounted and the observation azimuth to wind direction. 
